Thin liquid crystalline shells surrounding and surrounded by aqueous phases can be conveniently produced using a nested capillary microfluidic system, as was first demonstrated by FernandezNieves et al. in 2007. By choosing particular combinations of stabilizers in the internal and external phases, different types of alignment, uniform or hybrid, can be ensured within the shell. Here, we investigate shells in the nematic and smectic phases under varying boundary conditions, focusing in particular on textural transformations during phase transitions, on the interaction between topological defects in the director field and inclusions in the liquid crystal (LC), and on the possibility to relocate defects within the shell by rotating the shell in the gravitational field. We demonstrate that inclusions in a shell can seed defects that cannot form in a pristine shell, adding a further means of tuning the defect configuration, and that shells in which the internal aqueous phase is not density matched with the LC will gently rearrange the internal structure upon a rotation that changes the influence of gravity. Because the defects can act as anchor points for added linker molecules, c 2013 The Author(s) Published by the Royal Society. All rights reserved.
Introduction
Traditionally, liquid crystals (LCs) are studied primarily in flat geometry samples. This is convenient, because it allows easy optical characterization in, for example, a polarizing microscope, and because flat samples with well-defined thickness and a variety of alignment agents can be manufactured relatively easily. It is also the natural choice in research related to the most common application of thermotropic LCs in flat panel displays. By restricting the study to flat samples, one, however, imposes certain constraints on the LC, which may or may not be beneficial. Most important, the lack of curvature forbids any net topological defect in the director field; the sample is either defect-free (as is the goal in displays) or it contains positive-as well as negative-signed defects, balanced such that the defect sum is zero. The latter situation has been the focus of considerable attention over the last few years, owing to a series of beautiful experiments by a number of groups where colloidal inclusions seed positive topological defects, forcing the LC to create a perfectly cancelling set of negative-signed defects. Some examples can be found in the recent studies [1] [2] [3] [4] [5] [6] [7] (a very far from exhaustive list).
In a sample with non-zero Gaussian curvature, by contrast, a non-zero defect sum is not just allowed, it is in fact required by topology, if the director is in the curving plane. This allows for some very interesting phenomena to occur at curved LC surfaces, and proposals have been made as to how these could be exploited in technological applications [8] . The simplest and most-studied curved LC surface is that of a sphere, and LC droplets have been studied quite extensively by several groups [9] [10] [11] . More advanced and introduced more recently is the LC shell (neglecting the soap bubble, which is probably the longest studied LC of all, at least on a child's or amateur's level), which can now be produced reliably using a microfluidics-based method as first demonstrated by Fernandez-Nieves et al. [12] . The shells are typically studied as a colloidal system, with the LC shell suspended in an aqueous continuous phase, often also with the same or a different aqueous mixture forming an internal droplet. Compared with full droplets, the shell offers some interesting unique aspects. First, the presence of an inner as well as an outer interface gives us excellent possibilities to tune the director arrangement within the shell, because we can independently and quite easily choose between planar and homeotropic alignment, with varying anchoring strength, at the two boundaries. Moreover, by varying the size of the inner droplet, we can tune the shell thickness, and very interesting effects related to an asymmetric placement of the inner drop may also occur [12] . Finally, we have considerable freedom in choosing the inner fluid and its constituents, and via osmosis-driven flow through the LC, Lopez-Leon et al. [13] even succeeded in expanding or compressing the inner droplet, thereby affecting the shell thickness and diameter dynamically, also after shell production.
In this paper, we first give a concise overview of the state of the art of LC shell research, discussing briefly how they are produced, which interesting physical phenomena we may encounter when studying LC shells of different types, and how the unique properties of this new LC configuration could be exploited technologically. We then focus on three new experiments, dealing with the effects of inclusions and change of gravitational force direction, respectively, on the defect configurations and locations in nematic (N) and smectic-A (SmA) phases, and with the behaviour of smectic-C (SmC) type shells produced with the smectic layers in the shell plane. possible applications. The former aspect refers to the types of defect and their arrangement that can be expected and produced in LC shells. With homeotropic anchoring on both sides, the shell is defect-free and the polarizing microscopy appearance of such a shell resembles a conoscopy picture of a flat homeotropic uniaxial LC (figure 1). By considering the optics of the two situations, this resemblance is easy to understand: while conoscopy probes all light directions through a flat sample, the homeotropic shell observed in orthoscopy provides all sample film orientations for a single direction of light propagation, yielding analogous results. More interesting situations arise when at least one interface is planar aligned. Topology tells us that a planar director field cannot be defect-free on a spherical surface, or on any other surface with the same topology as a sphere for that matter (for instance, an ellipsoid or even a tube with closed ends). Specifically, the defects on the planar aligned side(s) of the shell must be of such type and number that, when their strengths are summed, taking the sign into account, the total is s = +2. The simplest configuration is one with two s = +1 defects, analogous to the defects in the meridional field at the North and South Poles of the Earth. In the case of planar alignment on both sides of the shell, an integer defect may, however, also split up into two s = + 1 2 defects. It was proposed early on by Nelson [8] that the energy-minimizing configuration of such a shell in general would be a tetrahedral set of four s = + 1 2 defects, because the energy density of a defect scales as s 2 , and in a tetrahedral arrangement the distortion of the director field between the defects is minimized. When the first experiments on nematic shells were performed by Fernandez-Nieves et al. [12] , it was realized, however, that several combinations of defects could be stable, with four, two or even three defects distributed over the shell surface. The team found that, even for the case of four s = + 1 2 defects in the shell, these are typically not in a tetrahedral configuration. They explained it as a result of the non-zero thickness of the shell and the consequent extension of the defect line between the inner and outer surfaces, which drives the defects towards the thinnest side of the shell. Although the energy related to the director field distortion between the defects is increased in this way, this is outweighed by the gain in energy from reducing the defect line extension. In a careful and elegant study by Lopez-Leon et al. [13] , where the shell thickness was thinned in a controlled way by driving liquid into the inner droplet from the outer phase by osmosis, the authors concluded that different regimes can be identified, each of which has a specific number of defects in a specific configuration. For very thin shells, the originally predicted, and most desired, configuration of four s = + 1 2 defects in a tetrahedral arrangement can be stabilized.
The reason that the tetrahedral arrangement of four defects is particularly attractive is that shells with this defect configuration have potential for producing a new type of colloidal particle with directed interactions. As Nelson [8] pointed out, a colloid of such particles could crystallize with diamond-like symmetry, rendering it of particular interest for the generation of photonic crystals [14, 15] , because such crystals could exhibit a polarization-independent complete Graphical illustration of the concept of using LC shells functionalized by linker molecules to realize colloidal particles that can self-assemble into colloidal crystals with diamond-like symmetry. This illustration was previously used in the review article by Lagerwall et al. [17] . (Online version in colour.)
three-dimensional band gap. Such a colloidal crystal is very difficult to achieve by conventional means, because standard particles typically crystallize with simple cubic lattice. The concept is based on the fact that the topology enforces the generation of defects in the nematic director field, and that these are high-energy points where the mesogens are locally in a state that is different from the global thermodynamic equilibrium phase. If a foreign polymeric molecule or particle, non-mesogenic but miscible with the LC, is introduced into the shell, then it will preferentially be located at a defect because here it will experience maximum configurational freedom at the same time as it will relieve the mesogens from filling up this disordered environment where mesogens experience a local increase in energy. This would allow us to use this anchoring phenomenon to attach linker molecules in the desired geometry [8] .
The conjecture has not yet been demonstrated experimentally in shells, but in a flat geometry Yamamoto and co-workers [16] provided an elegant proof by mixing thiophene-based polymers that are fluorescent but not mesogenic into a nematic LC that was also doped with azobenzene molecules. By illuminating the sample locally with UV light, the azobenzene dopants were isomerized to the cis state in the illuminated regimes, leading to a localized decrease in orientational order. The distribution of the thiophene polymer could then be probed by studying the fluorescence throughout the sample. Indeed, the polymer was found to segregate to the regimes of decreased orientational order, where it can maximize its own configurational entropy. Although the LC was never made fully isotropic at any point in the Japanese study, the ideal location for a non-mesogenic polymer introduced into an LC shell ought to be at a defect, because here the polymer gains full configurational freedom and at the same time fills the volume that constitutes the high-energy point for the mesogens. We therefore propose that an appropriately designed linker molecule for LC shell-based colloidal crystal formation could be a block copolymer with a small non-polar (and thus miscible with the LC) random-coil block that is connected to a polar (and thus water-soluble) block that extends out into the aqueous continuous phase. By giving the water-soluble block a linking and bond-forming capacity, e.g. by using complementary sequences of single-stranded DNA (ssDNA; complementary strands are well known to form stable double-helix duplexes in aqueous solution at room temperature), as originally proposed by Nelson [8] , we would effectively have created a colloidal particle that bonds in directions that are dictated by the defect arrangement. If the tetragonal defect configuration can be ensured, we would have linker molecules extending in the same directions as the covalent bonds in sp 3 -hybridized carbon, thereby allowing the generation of a colloidal crystal with diamond symmetry (cf. the scheme in figure 2 and the discussion in Nelson [8] ).
An interesting opportunity to further tune the defect number and configuration that has not yet been explored is the deliberate addition of particles, that themselves seed defects, in the shell. Because the defect sum by topology is fixed at s = +2, regardless of what defects are seeded, an interesting situation would, for instance, arise in the case of three spherical particles added to the shell, each inducing an s = +1 defect. In order to maintain the required defect sum, the LC would thus have to create an s = −1 defect (or a 'Saturn ring' defect, effectively giving two s = − 1 2 defects in the sample plane), and it would then have a total of four defects but only one that is not filled by a particle (not considering the 'Saturn ring' solution). Below, we will give an example of this phenomenon. Although the pristine LC shell, if thin enough and complemented with the appropriate linker molecules, would give us a colloid with 'valence' 4, this situation could give us a valence 1 situation, because only one defect is available for occupation by the linker molecule. This is a route that is worth while to explore for the future, because different colloid valences would open the door to a very interesting 'colloid chemistry'. We are, however, still quite far from this stage because up to now no attempts have been made to actually realize the required linker molecule. The corresponding study of defect formation in particle-containing shells can, however, be done already now, and a very rich research field may emerge.
An aspect that one must keep in mind when analysing LC shells optically is that both shell sides contribute to the birefringence. Thus, even if the back or front side is out of focus, it will change the interference colours, and it may ruin extinction if the directors on the two sides are not co-planar. This can render a proper optical analysis of a shell very difficult because the choice of outer and inner aqueous phases generally allows us to choose between planar and homeotropic alignment, but there is no way at present to further influence the director field in a planar shell. In an unlucky situation, the director orientations at front and back can be close to perpendicular, rendering polarizing microscopy analysis of the director field difficult. The best situation is one where either the back or front director is more or less uniform, such that either the polarizer or the analyser can be oriented in the same direction, minimizing the influence of the shell side currently not in focus.
Shell production, stabilization and analysis
In our work, we use a microfluidic system with nested glass capillaries with square and circular cross sections, respectively, designed and operating along the principles described by Utada et al. [18] . The outer diameter of the cylindrical capillaries is identical to the inner side length of the square capillary, such that two cylindrical capillaries can be inserted into the square one from each side, the tight fit ensuring coaxial alignment. One cylindrical capillary has a tapered end, the other a blunt end, and the two ends are placed in the near vicinity of each other at the centre of the square capillary. In order to prepare the shells, the inner aqueous phase is pumped through the tapered capillary, whereas the LC is pumped in the same direction in the square capillary, thus flowing into the corner voids surrounding the cylindrical capillary. From the other side of the square capillary, the outer aqueous phase (the continuous phase) is flowed in the opposite direction, such that it meets the LC at the location where the two capillary ends meet. Because the LC is not miscible with the outer aqueous phase, both phases are flow focused into the blunt-ended cylindrical capillary, which acts as collection tube. At the same time, the inner aqueous phase is injected dropwise within the LC flow as the Rayleigh instability breaks up the initial stream of the two co-flowing fluids, such that shells of well-defined dimensions are produced. Figure 3 shows a schematic of the set-up together with an example micrograph of how the shell production can look in practice.
For driving the fluid flow, the most common choice is to load the different fluids into syringes and use syringe pumps for pumping them into the capillaries, connected to the syringes via flexible tubing. In our case, we prefer to use a computer-controlled pneumatic-based microfluidic flow control unit (Fluigent MFCS) that can pump up to four fluids independently. The advantage is that we need not use syringes and we can work with any vial of our choice, rendering temperature control of the different fluids much easier. We close each vial with a septum into which we insert two thin polymer tubes. One is connected to the MFCS unit, with the other end being in the air in the vial, above the fluid surface. The other tube is inserted far enough into the vial that its one end is immersed in the fluid, the other end being connected to the capillary within which this fluid should flow. By pumping air at carefully controlled pressure into the vial through the first tube, the MFCS unit pressurizes the vial such that liquid starts flowing out through the other tube and into the capillary. This construction allows for very dynamic flow control, with the response to a change in pump pressure and the stabilization of the flow at the new speed being dramatically faster than when using syringe pumps.
In order to stabilize the shells from rupture, the two aqueous phases must contain either a surfactant or a polymer that will adsorb at the water-liquid crystal interface. We use standard surfactants such as anionic sodium dodecyl sulfate (SDS), cationic cetyl trimethylammonium bromide (CTAB) or non-ionic Pluronics F-127, or water-soluble polymers such as polyvinyl alcohol (PVA). The choice of stabilizer is of key importance because it does not just prevent shell coalescence or collapse, it also determines the alignment adopted by the LC. SDS and CTAB induce homeotropic alignment, as the non-polar alkyl chain of the surfactant extends more or less radially into the LC phase, with the ionic head group facing the aqueous phase. If planar alignment is desired, the typical choice is PVA, which most probably adsorbs at the interface, albeit primarily within the aqueous phase, in a random-coil conformation. This stabilizes the interface and prevents shell rupture, but, owing to the disordered polymer chain, it does not necessarily have a strong impact on the LC alignment. The resulting planar alignment is instead probably a result of the contact with the polar water phase, which is known to induce planar alignment [20] . The Pluronics F-127 surfactant has turned out to be compatible with planar as well as homeotropic alignment, and we found opposite results for nematic and smectic phases [19] .
After production, the suspension with the shells is introduced into a flat glass capillary, which is placed in a regular LC research hot stage mounted on a polarizing microscope. All micrographs shown in the following were obtained in transmission between crossed polarizers, with their transmission directions being set to vertical and horizontal, respectively.
N-SmA transition in shells with planar and hybrid boundary conditions
We have extensively investigated the transition between nematic and smectic order in shell geometry using 8CB (4 -n-octyl-4-cyanobiphenyl) as the LC material, having either PVA in inner as well as outer phases to induce stable fully planar alignment [21] , Pluronics F-127 in both phases to induce an alignment change at the phase transition [19] , or a combination of SDS or similar surfactants in one aqueous phase and PVA in the other in order to induce hybrid alignment [22] . The first of these situations was investigated and described also by Lopez-Leon et al. [23] . Before going into two interesting variations of these studies, we first briefly summarize the main observations and conclusions, referring to the cited papers for the details.
In the case of PVA-induced fully planar alignment, one typically gets four s = + 1 2 defects for reasonably thin shells but, as explained above, they are frequently not in the tetrahedral configuration, but instead collected close to the thinnest part of the shell in order to minimize the extension of the defect lines. Most often they are not symmetrically spaced but are distributed instead roughly on a rhombus. Figure 4a shows a less common case where three defects are close to the thinnest part of the shell and the fourth is further away. On approaching the transition to smectic order, all defects move away from each other (cf. figure 4b) , eventually distributing on a great circle, as initially shown by computer simulations by Shin et al. [24] . Recent simulations suggest that the defect motion can be attributed primarily to the increasing elastic anisotropy as the smectic phase is approached [25] .
When the shell enters the SmA phase, the texture on the defect-free thicker side of the shell breaks up into a set of spherical lune sections (areas on a sphere bounded by two half great circles, cf. figure 4c, d) . Figure 4c is taken at the transition but the focus is on the thin side, allowing the lunes to be distinguished only by their contours. Figure 4d is taken about a minute later, now with focus on the thick side of the shell, giving a detailed view of the lunes. Here, one can see also a secondary modulation in the texture, with stripes in a herring-bone-like arrangement, reversing their inclination between adjacent lunes. This finer modulation starts slightly later than the break-up into lunes. We have proposed as explanation for these textural features that a smectic layer undulation occurs in the SmA phase, with increasing magnitude going from the inside to the outside of the shell. This leads to a continuously increasing 'effective' layer spacing as measured along the original director orientation, thereby making the SmA phase compatible with the increasing spherical surface area on going from the shell's inside to its outside. The stripes occurring as a secondary modulation can most probably be understood as another layer buckling instability, resolving a source of layer strain that arises as a result of the initial layer undulation. For the detailed discussion of the process, see our account in Liang et al. [21] or the corresponding study by Lopez-Leon et al. [23] , who presented a slightly different explanation.
The N-SmA transition in a fully homeotropic shell, with the director firmly anchored in the radial direction on the inside as well as outside by traditional homeotropic-inducing surfactants in both aqueous phases, does not offer any surprises because both phases are fully compatible with the shell configuration with this alignment. Both phases acquire the characteristic conoscopy-like texture seen in figure 1b, the phase transition being detected only by the reduction in thermal 
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gravity ƒ gravity ƒ gravity ƒ 140 s after gravity ƒ Figure 5 . N-SmA transition on cooling (a-c) an 8CB shell with PVA and Pluronics F-127 as stabilizers on the inner and outer interface, respectively. The combination of these agents induces hybrid alignment in the nematic phase, ensuring the appearance of two s = +1 defects, but this turns planar on both interfaces at the transition to SmA. Just prior to obtaining photo (d), the microscope, with fixed sample stage and camera, is tilted by 90
• , thus rotating the direction of gravity from along the viewing direction to the right-to-left direction. While the shell is attached to the capillary wall on the left, the whole texture slowly rotates until the defects are again aligned by gravity after about 90
s (f ). After steady state is reached, the microscope is brought back to vertical and the texture then rotates back to the initial one (g,h). The time indications in (d)-(h) refer to the time after the microscope was last rotated. (Online version in colour.)
fluctuations. More interesting is the case when the non-ionic polymeric surfactant Pluronics F-127 is used in both interior and exterior phases to stabilize 8CB shells [19] . In this case, the nematic phase is homeotropically aligned, but, as the shell is cooled towards the smectic phase, the texture slowly changes, beginning with a twisted spiral-like distortion of the conoscopy cross, concurrent with the appearance of two s = +1 defects at the top and bottom of the shell, and ending with a SmA texture that is similar to the above-described spherical lune texture. The origin of this alignment change is not yet clear, and further experiments are on-going to elucidate it in more detail. At present, we hypothesize that the driving force is the asymmetry of the shell, resulting from the imperfect density matching of inner fluid and LC. In the nematic phase, there is no problem in having a spatially varying shell thickness because there is no positional order in the phase; but in the case of smectic order, this variation is connected to a substantial energy penalty. There are then many layers present at the thickest point of the shell that are not closed up because fewer and fewer of them fit in the shell as it gets increasingly thinner towards the opposite side. Because Pluronics F-127 has only a weak impact on the alignment, the LC then apparently rearranges its structure from homeotropic to planar alignment on approaching the smectic phase. In shells with strong homeotropic anchoring on both sides, induced, for example, by ionic surfactants such as SDS or CTAB, we instead see evidence of the shell asymmetry being reduced on approaching the phase transition, with the inner drop being moved somewhat towards the shell centre (unpublished work in progress).
By combining Pluronics F-127 as stabilizer for the outer interface with PVA as inner interface stabilizer, strongly promoting planar alignment, we get a shell that is hybrid aligned in the nematic phase, with homeotropic director on the outside connected to planar on the inside via a bend deformation. This geometry is allowed in the nematic, as the phase is free of positional order, but it rules out the appearance of half-integer defects because the bend defines a direction in the shell plane that is not sign-invariant [22] . Consequently, only two s = +1 defects are seen in the shell (cf. figure 5a) , one at the top (front in the direction of view in the microscope) and one at the bottom (back). Again, we have imperfect density matching, with the inner droplet having slightly higher density than the LC. It is thus closer to the bottom than the top of the shell, making these two points, where the two s = +1 defects are located, the thinnest and thickest points in the shell, respectively. As the transition to SmA takes place, the alignment changes to fully planar because the originally homeotropically aligned outer boundary is stabilized by the Pluronics F-127 surfactant that has only a weak preference for homeotropic alignment. As mentioned above and described in detail in Liang et al. [19] , a shell stabilized by Pluronics F-127 on both sides adopts planar alignment in the smectic state, even if it was homeotropic in the nematic phase, and this tendency is obviously even stronger in this case, when one side is stabilized by planar-aligning PVA. We recognize the alignment change by lunes similar to those in figure 4 developing from one side of the shell, wrapping around it like an opening fan ( figure 5b,c) . In this experiment, we now tilt the microscope over by 90 • such that the shell experiences the force of gravity along an axis perpendicular to the axis between the two s = +1 defects. The result is a slow rotation of the texture until the defects are again aligned with gravity after 1-2 min (cf. figure 5d-f ) . During the rotation, the shell as such is not free to rotate because it is attached on the left side to the capillary wall. Rather, we anticipate that the gravitational downwards push of the inner droplet leads to material flow within the LC shell until we again have a shell that is cylindrically symmetric around the new gravitational axis. The thinnest point is once more at the bottom and the thickest point at the top, defining the new stable locations of the two s = +1 defects. When we bring the microscope to the upright position again, the texture rotates back to the initial state on about the same time scale (cf. figure 5g,h) . At no point during this operation is there any sign of change in the basic texture or shell instability, but the whole texture gently rotates until the new steady-state orientation has been obtained. Figure 7 . A hybrid aligned 8CB shell containing a dust particle seeding an s = +1 defect on the left (labelled 1), apparently in addition to other defects with a sum of s = +2 elsewhere on the shell (the texture below the particle hints at another s = +1 defect on the back side), undergoing a N-SmA transition. The transitory striped texture seen in (b)-(d) makes the director orientation on the top side of the shell (in focus) visible, revealing that the defect labelled 2 is in fact an s = −1 defect. (Online version in colour.)
The hybrid alignment condition is even more interesting when the homeotropic alignment is enforced also in the smectic phase, a situation that can be achieved by replacing Pluronics F-127 by a stronger alignment agent such as ionic surfactants, e.g. SDS [22] . An example of what the phase transition then looks like is given in figure 6 . The nematic phase is characterized by the same smooth director deformation between inside and outside, with the consequent twin s = +1 defects on opposite sides of the shell. In the shell studied, the director field exhibits a slightly twisted bipolar configuration as can be recognized in figure 6a. As the transition to the smectic phase is approached, the director field is straightened out and the twist is expelled (cf. figure 6b) , as is expected due to the divergence of the twist and bend elastic constants when the system enters the SmA phase.
The phase transition is recognized by the appearance of stripes connecting the two poles, at first sight reminiscent of the lunes seen in figure 5b,c, albeit somewhat thinner. They also wrap around the shell during the transition in a similar manner (cf. figure 6c,d) . However, in contrast to the situation in the previously discussed shell, where both sides are planar aligned in the SmA phase, the stripes are not stable in this shell, which retains its hybrid geometry after the transition. In fact, the stripes are of a different nature and they can be understood as the top and bottom boundaries of a folding membrane of remaining nematic order [22] , connecting the smectic phases with opposite alignments at the top and bottom, as initially explained by Cladis & Torza [26] for flat hybrid samples. Because director bend is not allowed in the SmA phase, the bend required for continuity is initially suppressed into these narrow regions of remaining nematic order, but very soon the nematic phase is fully expelled and then the stripes become unstable, following a Rayleigh instability break-up into domains with more or less circular cross section (cf. figure 6e,f ) . These domains are toric focal conic domains, within which the layers bend, thereby accommodating the opposing boundary conditions with no other director deformation than splay [22] , allowed in SmA. Figure 6f and i show these domains with focus at the top of the shell, whereas figure 6g is focused slightly lower and figure 6h is focused roughly on the shell bottom.
A convenient aspect of the transient stripes forming during the N-SmA transition in the hybrid shell is that they reveal clearly how the director field is oriented within the shell. This allows 
Adding particles for further tuning of the defect configuration
As mentioned in §2, the introduction of defect-seeding particles into the shell may be an interesting way to further tune the number and type of defects. No account of controlled particle introduction of this type in shells has so far been published, but here we present results from a shell that by chance contains a defect-seeding dust particle, demonstrating that the concept in principle works. The shell in question is again a hybrid aligned 8CB shell, with homeotropic inside and planar outside, but we note a difference from the previously discussed hybrid shells in that here we have two defects close to each other at the top (cf. figure 7a) . The director field is relatively non-uniform, with strong orientational differences between the front and back sides, leading to a generally quite bright shell where schlieren defects are often difficult to detect, making it challenging to identify the types of the two defects. A small unfocused cross below the defect labelled 1 suggests the presence of another defect with integer strength on the back side.
As the transition to the SmA phase begins, the folding nematic membrane stripes develop along the director field (cf. figure 7b-d) , now perfectly revealing the nature of the two front-side defects (and hiding the defect on the back). From the pattern, it is clear that the right defect (labelled 2 in figure 7a ) is in fact an s = −1 defect, never expected in a pristine shell owing to the requirement of s = +2 defect sum. What has happened is apparently that defect 1, which is of s = +1 type as revealed by the stripes, is seeded by a dust particle. From the blurry cross in figure 7a, we know that at least one more defect is present at the back of the shell but the appearance of an s = −1 defect tells us that there must be a third s = +1 defect as well, not visible in the photos. (Note that here we need to consider defects only on the shell outside because the director on the inside is oriented homeotropically.) In order to maintain the topologically required defect sum of s = +2, the LC must thus generate an additional defect of negative sign, and this is the defect labelled 2 in figure 7a. Defects 1 and 2 here thus form a topological dipole, stable because the positive half is formed by a particle, preventing annihilation.
As the transition continues and the folded membrane stripes are replaced by focal conic domains, the remains of the negative-signed defect gradually disappear. The positive defect, however, because it is seeded by a particle, remains in place and becomes the centre of the largest focal conic domain in the steady-state texture (cf. figure 7h ). This experiment demonstrates not only that particle addition can be used to induce the formation of negative-valued defects (which are 'empty' in the sense that they do not contain a particle), but also that the positive-signed defects seeded directly by the particles are stable throughout phase transitions. Depending on the new structure developing afterwards, they will seed a corresponding new defect in the new phase in the same location. In order to use this defect tuning for functionalizing shells with specific numbers of linker molecules, it is essential that anchor groups for those molecules can be designed, which localize in defects but which do not in themselves seed defects. This will be an important challenge for the continued development of this research field.
SmC shells and the SmA-SmC transition
Our latest focus is on homeotropically aligned shells exhibiting a SmA-SmC transition. This is an interesting situation because the smectic layers can be self-closing and dislocation-free if the shell is perfectly symmetric, hence the smectic order promotes shell symmetry and thus to some extent opposes the tendency to varying shell thickness driven by density mismatch or even by the extension of director field defects in planar aligned nematic shells [12] . At the same time, the tilt in the SmC phase provides a tangential director field, thus giving rise to topological defects also in this configuration, in contrast to N and SmA phases, which are defect-free in fully homeotropic alignment. The tangential director field of SmC and its analogues (SmC a , etc.) is often referred to as the c-director field c, and it is defined as the projection of the actual director n onto the smectic layer plane. As in the case of hybrid alignment, the c-director field of SmC-type phases is not sign-invariant, meaning that only integer defects are allowed [27] . Thus, in a regular SmC phase without any inclusions, we can normally expect no more than two defects per shell interface. However, in the SmC a phase, the sign invariance is re-established through the possibility of dispirations [28] , a special type of defect allowed by the anticlinic tilting arrangement that is the hallmark of this smectic-C type phase. In a shell made from this phase, we can thus again expect four defects per shell interface, although the alignment is quasi-homeotropic as induced by standard ionic surfactants. This has the advantage that we can expect a particularly stable and symmetric shell, because ionic surfactants are among the best stabilizers of the interfaces between the LC and the aqueous phase, and because (as discussed earlier) the smectic layers developing in the spherical shell plane promote a central position of the internal droplet in order to allow self-closing of the layers. Because SmC a often follows (in those substances that exhibit the SmC a phase [29] ) upon cooling from SmC, which in turn typically develops on cooling from SmA, we should, with a suitable smectic LC material building up the shell, be able to tune the number of defects per interface from zero to two to four just by cooling. This could provide a very interesting dynamic system both for fundamental studies and for applications in smart colloids.
As a first convenient system for studying the SmC phase in shell configuration, we have chosen a binary mixture of the similar smectogens 2-(4-hexyloxyphenyl)-5-octylpyrimidine and 2-(4-octyloxyphenyl)-5-octylpyrimidine at 50/50 mass ratio. This mixture exhibits a roomtemperature SmC phase and a SmA-SmC transition at 49.7 • C that we initially thought was second-order based on differential scanning calorimetry investigations and observations in standard LC microscopy samples. Still images from a video showing the textural development upon cooling in a shell made of this mixture are shown in figure 8 . While filming this video, we found that the SmA-SmC transition in the mixture is in fact very weakly first-order, because at the transition there is a sudden jump of the texture, clearly detectable although very small. In figure 8a ,b, we have drawn a thin green cross as guide for the eye to make this jump easier to spot. Figure 8a shows the shell as it is still in the SmA phase, whereas figure 8b shows the first video frame after the transition. The conoscopy cross has jumped very slightly to the left and downwards at the transition. In the following next few video frames, no further change can be spotted. This suggests that texture observations of shells could be an interesting method of distinguishing extremely weakly first-order phase transitions from true second-order transitions. As the shell is cooled deeper into the SmC phase, the biaxiality of this phase gradually becomes apparent, but a rather complex distortion of the texture makes it difficult to analyse the director field. While it is very clear that the phase is no longer SmA, it is not easy to spot the defects that ought to be present. The highly distorted texture may be due to the lack of correlation between the c-director on the front and back of the shell, leading to overlaid birefringence in an uncontrolled manner, as discussed initially in this paper. After some 10 min, a texture has developed that to some extent resembles a conoscopy texture of a biaxially birefringent material observed with circularly polarized light. The microscope illumination is, however, still linear but it could be that the back side of the shell, not currently in focus, acts to some extent as a λ/4 plate and changes the polarization to highly elliptical. Our inability to identify the defects may be due to the complex distorted c-director field, coupled to the fact that light scattering from a c-director defect may be less intense than from a nematic director field defect. On the other hand, it might also suggest that the defects are in fact not present: the LC could avoid the defects by locally reducing the tilt to zero, shifting the system to a SmA state at the 'defect point'. Further investigations, particularly with high-tilt materials, can hopefully help to elucidate this question.
Conclusions and outlook
The study of liquid crystalline shells is still in its infancy, so far pursued only by a handful of groups around the world. While the initial focus was entirely on nematic shells, investigations of smectic shells have recently appeared. Already, the very simplest SmA phase leads to very interesting and quite complex textural features and novel defect configurations, and the first preliminary observations of SmC phases hint at quite different behaviour. The additional degrees of freedom offered by the appearance of the c-director field open interesting possibilities, in particular when considering the multiple variations of smectic-C type order that are available. Another very interesting possibility that we are currently exploring is to work with polymerized LC shells. This adds long-term stability and allows, for instance, in the case of elastomeric shells, a facile production of shell actuators that can function as self-assembled micropumps [30] .
The introduction of particles appears to be a very rewarding way of controlling the defect configuration and the number of defects available for anchoring ligands, which in turn can lead to aggregation of the shells into colloidal crystals of variable symmetries. The realization of the ligands is still a challenge to be addressed, and here many questions remain to be answered. The optimum situation is a ligand with an anchor group that is soluble in the LC but not in the continuous phase, and that seeks out a location of a defect in the director field without in itself influencing the same. Especially, when aiming to use the tetrahedral configuration of four s = + 1 2 defects, it is vital that the ligands do not themselves seed s = +1 defects. Based on studies of random-coil polymers in flat LC samples [16] , we believe that such polymers may be a good starting point for realizing the anchor moieties.
It will be very interesting to study transitions to smectic phases with partial in-plane positional order, such as SmI, SmB or SmF. One may well expect visible effects on the shape of the shell owing to the considerable stiffening of the LC upon such a transition, as previously seen in phospholipid vesicles undergoing an L α -L β transition with a consequent strong faceting occurring [31] . Alternatively, the shell may even become unstable and break, as was observed in a very interesting case of vesicles undergoing the same L α -L β phase transition, but using a special type of synthetic phospholipid [32, 33] . In this case, there was no faceting observed but instead the spherical vesicles were essentially 'dissolved' and replaced by a multiplicity of helical spirals, which eventually merged into tubules. While a similar shape change is unlikely in the case of thermotropic LC shells, because their interfaces with the aqueous phases need to be stabilized by surfactants or polymers, the observation that a spherical shell would become unstable and collapse (most likely into a drop) may still shed light on the analogous process giving rise to the shape transition in the phospholipids, a phenomenon that is still not fully understood.
